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Manta and devil rays of the Family Mobulidae (Order Myliobatiformes), collectively known as 
mobulids, comprise a group of 11 filter-feeding rays. They roam the pelagic habitat, as well as 
the continental margins of all the world’s oceans; they are also among the most captivating and 
charismatic of marine species. Similar to other elasmobranchs, mobulids share a vulnerable life 
history, characterized by slow growth and extremely low fecundity; yet they are subjected to 
intense and increasing fishing pressure across their entire range. As a consequence, eight out of 
11 mobulids are classified on the International Union for the Conservation of Nature (IUCN) Red 
List as ‘Threatened’, ‘Vulnerable’ or ‘Near Threatened’, with the remaining three species listed 
as ‘Data Deficient’. Unfortunately, and despite their threatened status, management policies 
on the capture of mobulids are limited. This lack of protection is partly due to an absence of 
information on many aspects of mobulid life history, which complicates the development of 
management strategies beyond ‘general protection’. This PhD project was initiated to investi-
gate the evolution and population genetics of this vulnerable group of elasmobranchs in order 
to assist in the development of scientific management guidelines 
The general questions of interest were:
1.  What are the evolutionary relationships within the Family Mobulidae, and what is the 
geological timing and pattern of their radiation? What were the probable mechanisms 
and drivers of mobulid speciation?
2.  What is the spatial scale and connectivity among genetically defined populations of the 
spinetail devil ray, Mobula japanica? What have been the influences of past climate 
change on its historical population structure and demography?
3. Is there evidence for sex-biased dispersal in M. japanica?




Chondrichthyans (cartilaginous fishes) are a group of jawed vertebrates that includes 
sharks, skates, rays and chimearas. Together with osteichthyans (bony fishes including tetra-
pods), they represent one of two primary groups of jawed vertebrates, with fossils dating back 
~420 My (Benton & Asher 2009). Chondrichthyans are divided into two major groups, the Ho-
locephali (chimaeras) and Elasmobranchii (elasmobranchs). Elasmobranchii are in turn divided 
into Batoidae (skates and rays) and Selachii (sharks) (Figure 1), with batoids deviating from the 
ancestral shark-like body plan, and encompassing such diverse groups as guitarfishes, electrici-
ty-generating torpedo rays, sawfishes and stingrays (Figure 2). 
Although Chondrichthyans represent only a fraction of the extant biodiversity of jawed 
vertebrates, they exhibit an impressive range of life history strategies and morphological varia-
tion. They fertilize via copulation, and embryos may be reared either internally with a placenta 
(viviparity), internally without a placenta (ovo-viviparity), or externally (true oviparity). Each 
reproductive strategy is distributed patchily throughout the chondrichthyan phylogeny, and has 
been lost and regained multiple times during chondrichthyan evolution (Compagno 2005). 
Chondrichthyans are less productive and inherently more vulnerable to extinction than 
bony fishes (Myers & Worm 2005; Stevens 2000). Unlike bony fishes, which generally spawn 
millions of small eggs into the water column for external fertilization, chondrichthyans have ex-
tremely low fecundity (Dulvy et al. 2014a), producing only a few hundred eggs during their lives. 
Anywhere from a few dozen to a single offspring are typically produced in one year.
Mobulids
Manta and devil rays of the Family Mobulidae (Superorder: Batoidea; Order: Myliobatidae) 
display dorso-ventrally flattened bodies with broad, well-developed pectoral fins and a whip-like 
tail. They are the largest extant group of rays inhabiting tropical, subtropical and warm temper-
ate waters worldwide (Compagno & Last 1999a; Last & Stevens 1994). Mobulids are a unique 
group of rays, being the only batoids that developed the filter-feeding strategy (most others are 
benthic, and feed on crustaceans, mollusks, polychaetes and fishes).  They are characterized by 
loss of dental function related to feeding (Adnet et al. 2012), the presence of cephalic lobes that 
direct prey into the mouth, and by a set of pre-branchial filter plates which are used to strain 
food particles from the water (Bigelow & Schroeder 1953; Coles 1916; Cortés et al. 2008). Their 
closest living relatives are the durophagous (shell-crushing) cownose rays (Family Rhinobatis), 
from which mobulids diverged around 34 Mya, based on the first occurrence of teeth without 
strain-marks caused by biomechanical stress due to grinding-type feeding (Adnet et al. 2012). 
Within the chondrichthyans, only three other species of cartilaginous planktivores exist, namely 
whale shark (Rhincodon typus), basking shark (Cetorhinus maximus) and the elusive megamouth 
shark (Megachasma pelagios); all three belong to the Selachii. Like other filter-feeders, mobulid 
distributions largely overlap with areas of high upwelling-related productivity and seasonal mi-
gration patterns reflect temporal increases in upwelling (Anderson et al. 2011; Croll et al. 2012; 
Graham et al. 2012). 
The 11 recognized mobulids  are currently divided into two genera:  (Mobula, Rafinesque 
1810, and Manta, Bancroft 1829). Manta is comprised of two species, the oceanic manta, 
Manta birostris and the reef manta, Manta alfredi. Mobula contains nine species: Mobula 
japanica, Mobula mobular, Mobula tarapacana, Mobula thurstoni, Mobula kuhlii, Mobula 
eregoodootenkee, Mobula hypostoma, Mobula rochebrunei, and Mobula munkiana. Manta 
birostris, M. alfredi, M. mobular, M. japanica and M. tarapacana are among the larger rays in 
the Family, with Maximum Disc Widths (DW
max






Figure 2: Bayesian phylogeny of all major Batoidea groups and three outgroup species (Holocephalii, Squa-
lomorphii and Galeomorphii), based on 9000 nucleotides of the mitochondrial genome including nuclear 
genes RAG1 and SCFD2 (from Aschliman 2014). Black arrow indicates the phylogenetic position of the Order 































Figure 1: Maximum Likelihood phylogenetic tree of 25 vertebrate species representing the main 
Chondrichthyes lineages, based on 9409 nucleotides of the mitochondrial genome (from Inoue et al., 2010). 
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The remaining Mobula species are smaller, with a DW
max
 of up to 180 cm (Couturier et al. 2012). 
Morphologically, Manta is distinct from Mobula in exhibiting a terminal mouth, while Mobula 
species share a ventral placement of the mouth. The structure of mobulid teeth and filter plates 
has been extensively studied. Adnet et al. (2012) divided mobulids into 3 main groups based on 
the morphology of teeth, while Paig-Tran et al. (2013) broadly divided 9 of the 11 mobulids into 
three different groups, based on the presence of denticles and or cilia/secondary structure on 
the surface of filter plates (Figure 3 and Table 1).
Mobula japanica
M. japanica is mainly pelagic and is found inshore as well as in oceanic environments. It is 
believed to have a circumglobal distribution throughout all sub-tropical and tropical oceans. It 
has been suggested that M. japanica is conspecific to M. mobular, a species that only occurs in 
the Mediterranean Sea and possibly the adjacent Eastern Atlantic Ocean. The two species are 
morphologically highly similar, with only minor differences in DW
max
 (M. mobular DW
max
= 550 
cm), body proportions (M. mobular reaches a larger DW
max
 relative to the rest of its body), and 
tooth morphology (Adnet et al., 2012; Notarbartolo di Sciara, 1987). 
M. japanica is one of the more common mobulids in the Southern Sea of Cortez, Mexico, 
where its seasonal and geographical movement patterns have been studied based on both 
fisheries catch and tagging data. Catch records from artisanal fishermen collected over a period 
of 4 years (1982-86) showed that M. japanica moves in small aggregations even though it is 
not considered to be a true shoaling species. Catches progressively increased from March to 
July each year, whereas during the winter only very few M. japanica remained (Notarbartolo di 
Sciara 1988). The seasonal increase in abundance also matched offshore to inshore movements 
of aggregations from deeper to shallower waters, often in unison with seasonal increases in 
local prey density. This pattern was confirmed by Croll et al. 2012 based on satellite tagging data 
of 10 M. japanica individuals. These authors showed that seasonal migration patterns matched 
temporal increases in upwelling and tracked seasonal patterns in euphausiid (zooplankton) 
abundance (de Silva-Davila & Palomares-Garcia 1998; Gomez-Gutierrez et al. 2010) (Figure 4). 
Information about reproductive behavior in M. japanica is limited. Owing to the presence 
of reproductively active males during autumn, the southern Gulf of California is believed to 
serve as an important spring and summer mating ground (Notarbartolo di Sciara 1988). Howev-
er, although one female showed evidence of recently having given birth, no juvenile M. japanica 
have ever been observed in this region. Hence, it is unknown if females give birth in the Gulf of 
California or if they move to other (offshore) locations for pupping. Additionally, no information 
is available on possible philopatry to specific breeding or pupping sites—a common behavioral 
pattern for many chondrichthyan species (Hueter et al. 2004).
Other mobulid species
For the remaining Mobula rays, information about distribution, feeding range and breeding 
behavior is extremely limited. 
Mobula taracapana is probably circumglobal in subtropical and tropical waters but, at 
present, it is known from only a few scattered locations across the Indian, Pacific and Atlantic 
Oceans. This large pelagic mobulid with a DW
max
 of around 370 cm occurs primarily in oceanic 
regions, but is occasionally found in coastal waters (Notarbartolo di Sciara 1988). Recent tagging 
data from the central North Atlantic Ocean showed that this species moves across thousands of 
kilometers from the tagging location in the Azores Islands and (amazingly) descends to depths of 





Fgure 3: Characteristic features of Manta and Mobula rays. A) Terminal placement of the mouth in Manta; B) 
ventral placement of the mouth in Mobula; C) filter plate of Manta; D) close-up of filter lobes in Manta; E) fil-
ter plate of Mobula; F) close-up of filter lobes in Mobula; G) dorsal view of teeth in Manta sp. with close-up of 
peg-like teeth; H) cobblestone toothplate in Mobula tarapacana; I) peg-like teeth in Mobula japanica; J) comb-
like teeth (subgroup I) in Mobula thurstoni; K) comb-like teeth (sugroup II) in Mobula rochebrunei. Lingual (li.) 
or occlusal (o.) view indicated on the right hand side of each tooth.
Opposite page, Table 1: Information about the 11 mobulid species, with genus and species name, taxonomic 
reference, geographic distribution, habitat, DW
max
, placement of the mouth, tooth morphology group (Adnet 
et al. 2012), the presence (+) or absence (-) of denticles (dent.), cilia, secondary structure (SS) or smooth sur-
face epithelium on filter plates, filter plate group (based on Paig-Tran et al. 2013), and IUCN RedList status. VU: 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































has been suggested that M. taracapana may be a more generalist feeder than other Mobulidae, 
or even possibly ichthyophagous (Notarbartolo di Sciara 1988). 
Mobula thurstoni is probably circumglobal in all subtropical and tropical oceans, but this 
has not been confirmed.  Tagging data indicate that individuals can travel across thousands of 
kilometers in several months (Croll, unpublished data). This ray reaches a DW
max
 of 180 cm and 
is mainly found in shallow, neritic waters (<100 m) (reviewed by Couturier et al. 2012). 
Mobula munkiana is a recently described inshore species endemic to the Eastern Pacific 
(from the Baja Peninsula, Mexico to Peru) and is particularly common in the Sea of Cortez. The 
species reaches a DW
max
 of ~110 cm and occurs mainly inshore over the continental shelf.  
M. munkiana is the only mobulid that is consistently observed in shoals. It is not known 
whether shoaling is seasonal or a permanent behavioral feature. The presence of shoals is often 
detected by simultaneously jumping individuals. Size (but not sexual) segregation has been ob-
served in the Sea of Cortez. Pupping has been observed in Bahía de La Paz during May and June 
(Notarbartolo di Sciara 1988). 
Mobula eregoodootenkee reaches a DW
max
 of 100 cm and is locally common within its wide 
tropical Indo-Pacific and Northern Indian Ocean distribution. It is not known to enter the epipe-
lagic zone and only dwells close to shore over the continental shelf. Mating and pupping occur 
in shallow water and juveniles remain in these areas (Notarbartolo di Sciara 1987). 
Mobula kuhlii, Mobula hypostoma and Mobula rochebrunei occur in the Indo-Pacific re-
gion, the Western Atlantic and Eastern Atlantic respectively. Almost nothing is known beyond a 
taxonomic record (Notarbartolo di Sciara 1987).
Manta birostris (giant manta ray) is the largest of all mobulids, with a DW
max
 of ~700 cm. It 
is a true pelagic species and widely distributed in all tropical and subtropical oceanic waters, as 
well as in coastal areas over continental shelves, near seamounts, and in upwelling zones (Mar-
Fgure 4: Weighted fixed-kernel density distribution (blue: 95 %; red: 50 %) of 13 tagged Mobula japanica 
individuals, June-September (From Croll et al. 2012).
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shall et al. 2009). Rare or seasonal sightings of M. birostris at locations in New Zealand (Duffy & 
Abbott 2003), southern Brazil (Luiz et al. 2009), Uruguay (Millessi & Oddone 2003), the Azores 
Islands, and the eastern coast of the USA (Bigelow and Schroeder 1953), suggest that this spe-
cies makes significant seasonal migrations. Tagging data from six smaller M. birostris individuals 
(DW <450 cm) around the Yucatan peninsula (Mexico) detected limited foraging movements 
(~100 km) over a period of one month, associated with broad thermal fronts near an upwelling 
zone (Graham et al. 2012). 
Manta alfredi  (reef manta ray) was only recently re-described. It is smaller than the 
giant manta ray with a DW
max
 of ~500 cm. It occurs near coral and rocky reefs, as well as along 
coastlines with consistent upwelling. It is patchily distributed in the Indian and Pacific Oceans 
(Marshall et al. 2009). Long-term sighting records of M. alfredi at established aggregation sites 
suggest that this species is more resident to tropical waters and may exhibit small home ranges 
and short seasonal migrations (Marshall & Bennett 2010). 
Taxonomic issues
Despite their iconic status, the systematics of mobulids is cluttered with competing taxo-
nomic circumscriptions (mainly based on morphology and tooth anatomy) and poor resolution 
of currently available phylogenies, i.e., the paraphyletic recognition of Manta and Mobula, in 
which Manta species are nested within Mobula species (reviewed by Aschliman 2014).  Addi-
tionally, for several species it is still not clear whether they comprise distinct lineages or are 
merely geographically separated morphological variants of the same species (Marshall et al. 
2009; Notarbartolo di Sciara 1987). 
Life history vulnerabilities and fisheries
All mobulid species display life history traits that make them vulnerable to overexploita-
tion (Dulvy et al., 2008; Garcia et al., 2008; Dulvy et al., 2014). These include ovo-viviparous 
or matrotrophic reproduction (nourishment of embryos derived from the mother without the 
presence of a placenta), large size at birth, slow growth, high maximum age, delayed age of first 
reproduction, and extremely low fecundity (reviewed by Couturier et al., 2012; Cuevas-Zimbrón 
et al., 2012).  Even by chondrichthyan standards, mobulid fecundity is low (Dulvy et al. 2014b). 
A recent estimate of manta ray maximum intrinsic population growth rate, r
max
 (a proxy for 
extinction risk based on individual growth rate, annual pup production and age at maturity) 
showed that r
max
 is one of the lowest known of the 106 shark and ray species for which compa-
rable demographic information is available (Figure 5). Population growth rate (r
max
) has not been 
estimated for Mobula, but likely is similarly low to Manta. 
The vulnerable life history of mobulids is especially problematic in light of high and 
increasing anthropogenic pressures. Mobulids are increasingly being targeted in artisanal fish-
eries across Asia, motivated by the use of their filter plates in Chinese medicine. Additionally, 
the annual bycatch mortality of mobulids in global tuna purse-seine-fisheries is thought to be 
substantial. As a consequence of high catch rates, local mobulid populations are declining. In 
reaction to this pressure, the International Union for the Conservation of Nature (IUCN) Red 
List of Threatened Species (an international standard for species extinction risk) has evaluated 
eight of 11 mobulid species. M. mobular is listed as ‘Endangered’, M. birostris, M. alfredi and M. 
rochebrunei are listed as ‘Vulnerable’, and M. japanica, M. thurstoni, M. munkiana and M. ere-
goodootenkee as ‘Near Threatened’. The remaining three species are listed as ‘Data Deficient’. 
Heavy fishing pressure can lead to dangerously small populations and eventual disruption 





variation. Loss of variation may also affect a species’ ability to adapt to changing environmental 
conditions (Barrett & Schluter 2008; Keller & Waller 2002) and therefore also presents increased 
extinction risk. Although genetic metrics are not directly used in IUCN species assessments 
(Rivers et al. 2014), the organization has acknowledged the need to prevent loss of genetic 
biodiversity within a species (or stock); preventing the loss of genetic variation is also a specific 
goal of the Convention of Biological Diversity (Laikre 2010). Population genetic studies provide 
quantitative data for evaluating population structure, effective population size, loss of diversity, 
and estimates of connectivity (Avise 2008).
Population structure and connectivity
Commonly asked questions in fundamental biology and marine conservation of mobile 
species are: how many populations (also called stocks in fisheries) of a given species are there, 
how large are they, how do they move around and how do they interact?  Populations are 
identified by both their discreteness, as well as connectedness throughout their biogeographic 
range (Waples & Gaggiotti 2006). Defining a population a priori, for example based on a geo-
graphic region is seldom useful and may lead to discrepancies between biological populations 
and management populations. For example, the population may move seasonally between fixed 
management areas or separate fish populations may occur in a single management area (Bowen 
et al. 2005). A mismatch may lead to mismanagement leading to loss of genetic diversity and 
subsequent decline of the population; alternatively, it may lead to an inflated allocation of con-
servation resources (Waples 1998)
Many definitions of a population can be found in the literature but in general the term 
refers to a group of organisms whose trajectory is largely independent from other such groups 
(Carvalho & Hauser 1994). Two major types of biological definitions can be identified: those 
reflecting an ecological/demographic paradigm and those reflecting an evolutionary/genetic 
paradigm. A general working definition of ‘population’ for the ecological paradigm is ‘a group 
of individuals of the same species that co-occur in space and time and have an opportunity to 
Fgure 5: Maximum intrinsic rate of population increase for manta rays as compared with 106 other chondrich-
thyans. Values of r
max
 (x-axis) and frequency of chondrichthyan species (y-axis). (From Dulvy et al. 2014b).
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interact with each other demographically (e.g. competition, social and behavioral interactions, 
including mating). For the evolutionary paradigm a population genetic view is more useful. 
Here the focus is genetic cohesiveness through reproductive interactions within the population 
unit rather than between population units (Waples & Gaggiotti 2006). In practice, population 
structure encompasses all of these components: complex interactions among the life history 
characteristics (i.e. larval stages, homing behavior), demographic parameters (i.e. reproduc-
tion, recruitment, growth and mortality) and genetic processes (i.e. drift, gene flow, selection, 
mutation). Disentangling these many processes is not easy, but has been greatly facilitated by 
a strong theoretical basis in combination with the development of highly polymorphic genetic 
markers and more powerful sequencing and analysis methods (Avise 2010; Curole & Kocher 
1999). Hence, the assessment of genetic structure is increasingly robust and (most importantly) 
informative and practical. 
Populations of many marine species encompass an extensive range of spatial scales—from 
single bays to ocean-basin-wide (Ward et al. 1994). Superior swimming ability, absence of 
barriers, currents and the semi-continuous nature of most of the world’s oceans all facilitate 
long-range dispersal and thereby the potential to maintain large-scale populations (Palumbi 
1994; Waples 1987). Until about 25 years ago, it was widely believed that there was little or no 
population structure of species in the sea for exactly these reasons. It is now known, howev-
er, that despite the vastness of the oceans and the long-range dispersal capabilities of many 
marine vertebrates, considerable population structure does exist (reviewed by Ward et al. 
1994). Palumbi (1994) reviewed ways in which populations with high dispersal potential could 
develop genetic subdivision: i) limits to gene flow from barriers created by oceanic circulation 
patterns, currents, and tectonic plate boundaries; ii) isolation-by-distance; iii) behavioral control 
of dispersal by migration; iv) natural selection due to environmental gradients; and v) historical 
subdivision of populations (vicariance) due to paeloclimatic changes associated with the ice 
ages and sea level that caused local extinction followed by recolonization. 
Ward et al. 1994 reviewed population genetic data for marine fishes (all habitat types) and 
found that the mean F
ST
 (a measure of total genetic diversity that is allocated among popula-
tions) was 0.062 (N=57 studies) as compared to 0.108 for anandromous fishes (i.e., salmon) 
(N=7 studies), and 0.222 for freshwater fishes (N=49 studies). When the marine fishes were 
further partitioned by habitat types, results were even more striking.  F
ST 
values in the two 
shark species were extremely low (F
ST
=0.0094 and 0.0076, both sampled from nine locations 
in Northern Australia), whereas F
ST
 values for reef-associated teleost species varied around the 
average found in the aggregated habitats. Regional differences were also found (e.g., Doherty 
et al. 1995; Planes et al. 2001) and depend to some extent on the pelagic larval duration of the 
species (Bernardi et al. 2001; Crandall et al. 2008).
Review of population genetic studies in chondrichthyans
Chondrichthyan population genetics has become an increasingly popular topic of study 
over the last decade, uncovering genetic structure across a wide range of geographical dis-
tances (Supplementary Table S1). Within the Carcharhiniformes (ground sharks), species have 
been found that have structured populations between nearby estuaries, while others show no 
structure whatsoever across vast expanses of ocean. Within the Lamniformes (mackerel sharks), 
which mostly consists of large, oceanic species, structured populations exist between ocean 
basins, but usually not within. For example, the basking shark (Cetorhinus maximus) and the 
shortfin mako (Isurus oxyrinchus) both show genetic structure between the Atlantic Ocean and 
Indian-Pacific Oceans, but no structure within these regions (Hoelzel et al. 2006; Schrey & Heist 






(dogfish sharks) generally show some structure across short geographic distances—or even the 
presence of closely related sister-species. For example, white-spotted eagle rays were shown 
to consist of several reciprocally monophyletic, cryptic lineages in the Indian and Pacific Oceans 
(Aetobatus narinari; Richards et al. 2009). 
So is there a common pattern, which can help us predict the scale of population genetic 
structure in chondrichthyans? First of all, rather than being influenced by oceanic circulation 
patterns that enhance or restrict dispersal of teleost larvae, chondrichthyan dispersal is mostly 
dependent on active dispersal of adults. Dispersal varies widely. Vast expanses of deep water 
may represent barriers for coastal species that rely on short distances between habitat patches, 
resulting in genetic structure over small distances (e.g., blue-spotted maskray, Neotrygon kuhlii: 
Arlyza et al. 2013; shovelnose guitarfish, Rhinobatos productus: Sandoval-Castillo et al. 2004; 
spot-tail shark, Carcharhinus sorrah: Ovenden et al. 2009). See Supplementary Table S1 for 
details. In contrast, highly vagile oceanic species may show population homogeneity at the scale 
of ocean basins (e.g., whale shark, Rhincodon typus: Vignaud et al. 2014; blue shark, Prionace 
glauka: Ovenden et al. 2009; shortfin mako, Isurus oxyrinchus: Schrey & Heist 2003; basking 
shark, Cetorhinus maximus: Hoelzel et al. 2006). See Supplementary Table S1 for details. 
Second, reproductive behavior can play an important role in the geographic scale of genet-
ic structure (Bowen et al. 2005). Many sharks and rays display philopatry, with females repeat-
edly returning to their natal site for breeding and pupping, whereas males roam more widely 
(Hueter et al. 2004). This behavior is thought to explain strong population structure across short 
geographical distances, even in highly vagile (oceanic) species (Supplementary Table S1). The 
white shark is probably the most extreme example. It has been shown to undertake trans-oce-
anic migrations across thousands of kilometers, yet females annually return to specific breeding 
areas resulting in strong genetic structure both between and within ocean basins (Pardini et 
al. 2001). Philopatry is also though to explain genetic structure in other highly vagile species 
such as blacktip sharks (Carcharhinus limbatus: Keeney & Heist 2006), and hammerhead sharks 
(Sphyrna lewini: Daly-Engel et al. 2012).
And third, it has also become clear that genetic structure of some chondrichthyan popu-
lations is not only influenced by life history traits but also by past vicariant events such as the 
closing of the Isthmus of Panama and Pleistocene glacial-interglacial cycling (Supplementary 
Table S1). For example, in many species with warm-water distributions, population genetic 
structure between ocean basins has been attributed to the rise of the Isthmus of Panama (~3.5 
Mya), which closed the connection between the East Pacific and Atlantic Oceans. The frigid 
waters around the Cape of Good Hope has also been a barrier, with only intermittent dispersal 
between the Atlantic and Indian Oceans during periods of increased Agulhas leakage (Peeters 
et al. 2004). Both whale sharks and white sharks show divergent mitochondrial lineages in the 
Atlantic and Indian/Pacific Ocean, which are thought to result from vicariant isolation across 
this barrier (Gubili et al. 2011; Vignaud et al. 2014). The Sunda/Sahul shelf north of Australia, 
which was exposed as recently as the Last Glacial Maximum (LGM) 18000 y ago, severed the 
connection between the Indian and Pacific Ocean populations of species such as the pig-eye 
shark (Carcharhinus amboinensis: Tillett et al. 2011) and the white-tip reef shark (Triaenodon 
obesus: Whitney et al. 2012). And on smaller spatial scales, the northern Atlantic part of the 
range of the thornback ray (Raja clavata) was pushed southwards during the LGM, but was then 
recolonized from the south when ice started to move away, with currently limited connectivity 
between regions (Chevolot et al. 2006).
Taking into consideration the three factors above, we hypothesized that M. japanica would 
likely show genetic structure across intermediate geographic scales, both between ocean basins 
as well as within. The species is not restricted to a coastal habitat, but based on tagging data 
only has an intermediate capacity for dispersal, with distances of 1000-1500 km covered within 
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several months. No ocean-basin scale migrations were observed, as in other pelagic chondrich-
thyans, like whale sharks and basking sharks (Eckert et al. 2002; Gore et al. 2008). There is no 
information on the existence of philopatry in M. japanica. However, fisheries catch and tagging 
data indicate an annual seasonal migration pattern (Notarbartolo di Sciara 1988), which in turn 
is suggestive of site fidelity, either for breeding or feeding. If site fidelity indeed exists, this 
would likely also result in restricted connectivity between more remote regions. Whether vicari-
ance has played a role was unknown at the outset of this study but hypothesized as a possible 
structuring influence for M. japanica. 
Technical issues
Sampling
In highly migratory species, the resolution of populations can be confounded by several 
factors.  High levels of gene flow result in low levels of genetic differentiation, and sampling a 
specific geographical area under the assumption that it represents a population may simply be 
incorrect (Waples & Gaggiotti 2006). This is because demographically independent populations 
may mingle in common feeding grounds, during migratory phases or when gene flow is sex-bi-
ased (Bowen et al. 2005). This makes sampling strategies challenging. The use of genetic mark-
ers with different modes of inheritance, as well as surveys of distinct life states and especially 
breeding populations, are therefore of paramount importance when resolving the spatial extent 
of population structure.  Further strategies to minimize sampling errors include: 1) collection 
of fixed size classes in an effort to minimize overlapping generations in a sampled location; 2) 
sampling far enough apart; and 3) the inclusion of temporal sampling of the same site, so that 
effects can be compared over generations (Waples 1998).
For M. japanica, a general lack of information about migratory patterns and reproductive 
behavior made it impossible to design a foolproof a priori sampling regime for intra-specific 
studies. Moreover, because the species occurs in oceanic environments and can be highly 
elusive, samples are not easily obtainable even when good, potential sampling locations are 
known. This meant that sampling could only be conducted on an opportunistic basis in coop-
eration with tuna purse seine fisheries, artisanal fisheries and some targeted catches. For the 
present study a total of 263 samples was collected from eight locations in the Atlantic, Indian 
and Pacific Oceans. At least nine individuals were collected per location and in most cases many 
more. 
For interspecific relationships among mobulids, sampling is of no less importance. Taxon 
sampling based on an exemplar approach to infer higher-level evolutionary relationships can 
also be a source of phylogenetic error (Hillis et al. 2003; Pollock et al. 2002). Ideally, individuals 
of each species need to be sampled from locations across its entire geographic range. In the 
present study, samples were collected in a similar manner, from bycatch and targeted fisheries, 
and in a few cases from natural history museum collections. 
Genetic markers
Microsatellites. Microsatellites are tandem repeat motifs of two to five bases, scattered 
throughout the genomes of eukaryotes. They are co-dominant, assumed to be neutral, and are 
often highly polymorphic, making this class of markers a popular choice for addressing popula-
tion genetic questions (Ellegren 2000; Jarne & Lagoda 1996). Length polymorphism in microsat-
ellites is thought to arise mainly by slippage mechanisms or recombination following a stepwise 






(Li et al. 2002). Because of their fast mutation rate, which is estimated to be between 10-3 and 
10-5 per generation (Sun et al. 2012; Weber & Wong 1993), even closely related populations can 
show marked differences in repeat lengths. Although the assumption of neutrality is generally 
valid, exceptions are known but can usually be detected in the data set and removed as neces-
sary. Other technical issues common to microsatellites such as null alleles (i.e. non-amplification 
of some alleles), stutter (Taq polymerase slippage during PCR amplification) and large allele 
drop-out (higher amplification rates of shorter alleles) (O’Connell & Wright 1997) can also be 
corrected for. The main critique of this class of marker is the lack of a reliable mutation model 
(Sainudiin et al. 2004). Forward and back mutation under the stepwise model creates homo-
plasy, which can interfere with some estimates. Despite these issues, microsatellites remain a 
powerful category of markers in the field of population genetics.
mtDNA. Mitochondrial DNA is effectively a single locus with haploid and maternal inher-
itance, resulting in a four-fold lower effective population size than nuclear markers (Birky et 
al. 1989). Because of its reduced effective population size, mtDNA provides higher resolving 
power than nuclear DNA in cases where populations have not reached migration/drift equilib-
rium. Additional advantages are: 1) mtDNA reflects the female lineage only and, therefore can 
provide information unobtainable by a nuclear marker (this is particularly important in groups 
such as chondrichthyans, where there is evidence for reproductive philopatry in females, but 
not males); 2) it allows inferences of historical demography (Avise et al. 1988); and 3) its fast 
evolutionary rate provides the chance of recovering the pattern and tempo of recent historical 
events without extensive sequencing effort. 
Despite these advantages, however, mtDNA can also be uninformative in some species 
if only one or a few genes are used (Galtier et al. 2009). This is especially the case when the 
rate of evolution is slow, as in chondrichthyans in general (Martin et al. 1992). The only way to 
compensate for this slow rate is to increase the length of sequence data (Alexander et al. 2013; 
Morin et al. 2010; Shamblin et al. 2012). For example, based on 93 complete mtDNA genomes 
(mitogenomes), Feutry et al. (2014) were able to discriminate among single river drainages 
as discrete management units for the conservation of the speartooth shark (Glyphis glyphis). 
Using the full mitogenome, they were able to illustrate that the often used Control Region and 
Cytochrome Oxidase I gene are not necessarily informative (i.e., the situation is clear if these se-
quences show distinct haplotypes; but if not, the absence of distinct haplotypes is not evidence 
of absence of structure). 
Next Generation Sequencing
The advent of next-generation sequencing (NGS) makes it easier and cheaper to obtain 
large mitogenome data sets, in comparison with traditional Sanger sequencing using long PCR 
methods. The application of NGS seems almost endless, allowing for rapid advances in many 
fields related to biological sciences, including intra-specific studies.  Whereas whole mitoge-
nome sequencing was previously mostly used in inter-specific phylogenetic studies, mitoge-
nomes are now increasingly being used to resolve population genetic structure within species 
(for example, each of the three ‘ecotypes’ within the cosmopolitan killer whale was shown to 
consist of a strongly supported clade with divergence times ranging from ~150-700 Kya (Morin 
et al. 2010). 
NGS platforms perform massively parallel sequencing, and generate millions of fragments 
of DNA from a single sample. Generally, the methodology involves template preparation, library 
preparation, library amplification, sequencing and imaging, and data analysis (Figure 6). Tem-
plate preparation involves building a library of nucleic acids (DNA or cDNA) by fragmentation 
21
(shearing of the DNA or cDNA into smaller pieces) and the ligation of adapters (oligonucleotides 
with a known sequence) to the 5’ and 3’ ends. Library fragments are then clonally amplified and 
sequenced. Once sequencing is complete, adapter and low-quality sequences are removed, and 
the data is assembled either using a reference genome, or a de novo alignment. Analysis of the 
sequences can include a wide variety of bioinformatic assessments, including genetic variant 
calling for detection of single nucleotide polymorphisms (SNPs) or the insertion or deletion of 
1 or more bases (indels), detection of novel genes or regulatory elements, and assessment of 
transcript expression levels. 
There are various NGS platforms, which mainly differ in how sequencing is performed. 
The two techniques are sequencing by synthesis and ligation-based sequencing (Table 2). Each 
platform has advantages and disadvantages (Grada & Weinbrecht 2013), and choosing a plat-
form for a large part depends on the requirements of a particular project, as well as financial 
considerations. Read length and total yield per run are the key considerations in the choice 
of a particular instrument (Glenn 2011) (Table 2). For example, long reads (>500-1000 bp) are 
optimal for initial genome and transcriptome characterization, because longer pieces assemble 
more efficiently than shorter pieces. Alternatively, the lower costs and increased number of 
reads associated with shorter read-lengths (from 75-250 bp) are better suited for re-sequencing 



































Figure 6: Next Generation Seque cing workfl w, including te late preparation, fragmentation, adapter 
















































































































































































































































































































































































































































































































































































































Outline of this thesis
To be able to address the questions posed in this thesis, obtaining good species and 
population-level sampling was of paramount importance. I therefore created an international 
network of collaborators, including observers on board tuna purse seine vessels, local research-
ers and artisanal fishermen, which enabled me to accumulate an adequate number of samples 
from all ocean basins. I then used both NGS of mitogenomes, as well as traditional Sanger 
sequencing of nuclear and mitochondrial genes, and microsatellite genotyping to elucidate 
intra- and inter-specific relationships of mobulids.
In Chapter 2 and 3 I describe the development of molecular markers for this group of spe-
cies. Chapter 2 deals with the development and testing of nuclear microsatellite loci for Mobula 
japanica, which were subsequently used to analyze the population genetic structure within this 
species. In Chapter 3 I sequenced the entire mitogenome of one M. japanica individual using 
cloning and Sanger sequencing techniques. This reference mitogenome sequence then served 
as a ‘backbone’ for the assembly of NGS-generated mitogenomes, which were used in both the 
phylogenography of M. japanica and the broader mobulid phylogeny. 
Genetic studies within rare or difficult-to-sample groups of are often limited by the avail-
ability of specimens.  In such cases, museum collections form an easily accessible source of 
samples; however, the DNA obtained from such samples is often of low quality and unsuitable 
for many downstream applications. In Chapter 4 I explored the use and effectiveness of a “bait-
based” method for enrichment of target sequences,  in combination with NGS sequencing for 
use with degraded DNA samples. 
In Chapter 5 I inferred the evolutionary relationships among the different mobulid species. 
I used NGS-generated mitogenomes, as well as an extended data set of two mitochondrial and 
two nuclear genes. Additionally, based on the estimated mutation rate, the mitogenome phy-
logeny and two fossil calibration points, I estimated divergence times in mobulid evolution, and 
speculate about drivers and mechanisms of mobulid evolution.
In Chapter 6 I investigated the phylogeographic structure of one of the larger mobulid 
species, M. japanica, across its circumtropical distribution.  For this, I used 60 NGS-generated 
mitogenomes from widely spaced geographic locations (Atlantic, Indian and Pacific Ocean ba-
sins) in combination with a species-specific molecular clock (Chapter 5). Additionally, I investi-
gated demographic changes in relation to historical climate change over the last 2.5 Mya. And 
finally, I used the 11 microsatellite loci (Chapter 2), two mitochondrial genes and a much larger 
set of samples to elucidate global population genetic structure, compare resolution with the 
mitogenome data on the smaller sample set, and to determine whether M. japanica displays 
sex-biased dispersal.
Chapter 7 reviews life history characteristics of mobulids, identifies global and local threats 
from targeted and bycatch mortality, and discusses mobulid conservation issues and solutions. 
Finally, in Chapter 8 I synthesize the main insights developed from this thesis. I discuss the 
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